Theories of the pathophysiology of schizophrenia have implicated the hippocampus, but controversy remains regarding hippocampal abnormalities in patients with schizophrenia. In vivo studies of hippocampal anatomy using high resolution magnetic resonance scanning and manual methods for volumetric measurement have yielded inconclusive results, perhaps because of the normal variability in hippocampal volume and the error involved in manual measurement techniques. To resolve this controversy, high dimensional transformations of a computerized brain template were used to compare hippocampal volumes and shape characteristics in 15 matched pairs of schizophrenia and control subjects. The transformations were derived from principles of general pattern matching and were constrained according to the physical properties of f luids. The analysis and comparison of hippocampal shapes based on these transformations were far superior to the comparison of hippocampal volumes or other global indices of hippocampal anatomy in showing a statistically significant difference between the two groups. In the schizophrenia subjects, hippocampal shape deformations were found to be localized to subregions of the structure that send projections to prefrontal cortex. The results of this study demonstrate that abnormalities of hippocampal anatomy occur in schizophrenia and support current hypotheses that schizophrenia involves a disturbance of hippocampalprefrontal connections. These results also show that comparisons of neuroanatomical shapes can be more informative than volume comparisons for identifying individuals with neuropsychiatric diseases, such as schizophrenia.
The pathophysiology of schizophrenia is thought to involve abnormalities of hippocampal anatomy and function (1, 2) . The hippocampus plays an important role in memory, and impairments in memory, attention, and decision-making commonly are found in schizophrenia (3) . Some postmortem studies of brains of schizophrenics have suggested that the density of hippocampal pyramidal cells is decreased (4, 5) ; other studies have suggested hippocampal pyramidal cells are unusually small or abnormally arranged (6) (7) (8) (9) . When using manual and semi-automated methods to outline the hippocampus in high resolution magnetic resonance (MR) scans, decreases in hippocampal volumes have been reported by some (10) (11) (12) (13) , but not all (14, 15) , research groups. Inconsistencies in the in vivo neuroimaging literature may exist because hippocampal volume decreases in schizophrenia are small relative to the normal variability of hippocampal volumes and the error associated with manual techniques for outlining small neuroanatomical structures (16) (17) (18) . Quantitative analyses of hippocampal shape, which might be more sensitive than volumetric assessment of the structure in detecting small losses of volume in brain structure subregions, have not been carried out in subjects with neuropsychiatric diseases, such as schizophrenia.
Computerized tools for neuromorphometry, involving the high dimensional transformation of neuroanatomical templates onto sets of target MR scans, have been developing rapidly over the past decade. Detailed neuroanatomical information, such as the surface boundaries of the hippocampus, can be embedded into the template by experts and then automatically transferred to target MR images during the transformations. Because the dimensionality of the transformations is equivalent to the number of pixels in the MR scans, these methods provide a highly precise and quantitative understanding of neuroanatomical volumes and shapes, despite the variability inherent to normal anatomy (19) (20) (21) (22) (23) . These tools have been derived from Grenander's (24) mathematical theory of patterns, which represents the typical structures of the brain through templates and their variabilities by probabilistic transformations applied to the templates (24) . We have shown previously that these tools allow for more precise estimations of hippocampal volume than manual methods for outlining the hippocampus (25, 26) .
In the present study, we used transformations of a neuroanatomical template containing expert-derived information about the boundaries of the left and right hippocampus to compare subjects with schizophrenia and matched controls. An analysis of hippocampal shape as well as volume was carried out. To highlight the specificity of the shape comparison findings, hippocampal shape deformations found in the schizophrenia subjects were compared with patterns of normal hippocampal shape variability and to the hippocampal shape deformation found in a single subject with mild dementia of the Alzheimer type.
METHODS
Subject Selection and Assessment. Fifteen subjects with schizophrenia and 15 healthy controls were recruited for participation in this study. Informed consent was obtained from all subjects after the nature and possible consequences of the study were explained. The subjects were matched in pairs with regard to gender, age, and parental socioeconomic status. The mean (SD) age for the schizophrenia subjects was 32.9 (10.4) years, and for the controls it was 30.9 (9.0) years. The Hollingshead socioeconomic status score (SD) for parents of the schizophrenia subjects was 45.4 (19.1) , and for the controls it was 39.4 (17.6). Eleven subject pairs were male, and four subject pairs were female; all subjects were right-handed. The subjects with schizophrenia had been ill for a mean (SD) of 109.7 (110.9) months. All subjects were diagnosed using Diagnostic and Statistical Manual for Mental Disorders-Fourth Edition (DSM-IV) criteria (27) , usually by the consensus of two diagnosticians, a research psychiatrist who had conducted a semi-structured interview, and a specially trained research assistant who had used the Structured Clinical Interview for the DSM-IV. Seven schizophrenia subjects met criteria for the undifferentiated subtype, seven for the paranoid subtype, and one for the catatonic subtype of illness. The healthy controls had never been mentally ill and had no known relatives with a psychiatric or neurologic disorder. No subject met DSM-IV criteria for either substance abuse or dependence for 3 months preceding the study. Data from five subjects with schizophrenia and five controls have been previously reported in a study to determine the reliability of hippocampal volume determinations by using high dimensional brain mapping (26) . The schizophrenia subjects had been treated with antipsychotic drugs and were in partial remission from their symptoms. Residual symptoms were assessed by using the Brief Psychiatric Rating Scale (BPRS) (28) . The mean (SD) total BPRS score (anchored at 1) for the schizophrenia subjects was 31.1 (5.8) .
MRI and Image Preparation. MR scans were obtained by using a Siemans Magnetom SP-4000 1.5T imaging system, a standard head coil, and a magnetization prepared rapid gradient echo (MPRAGE) sequence. The MPRAGE sequence (TR͞TE, 10͞4; ACQ, 1; matrix, 256 ϫ 256; scanning time, 11.0 min) produced three-dimensional data sets with 1 ϫ 1 mm in plane resolution and 1.25-mm slice thicknesses across the entire cranium. Sixteen-bit MR data sets were scaled and compressed to 8 bits by using global histogram equalization routines to maximize contrast at cerebrospinal fluid͞gray matter interfaces. Scaling discrepancies caused by voxel anisotropy were corrected by resampling into isotropic voxels of 256 ϫ 256 ϫ 160. Gray scale data were normalized by using a commercially available method (Jandel Scientific, San Rafael, CA). Five Gaussian curves were used to fit each histogram, including peaks for white matter, gray matter, and cerebrospinal fluid and peaks to represent partial volume pixels resulting from white-gray and gray-cerebrospinal fluid mixtures.
In each MR scan, landmarks were placed at external brain boundaries, at points where the anterior and posterior commissures intersected the midsagittal plane, and on the surface of the hippocampus. Landmarks were placed along the surface of each hippocampus in accordance with the principal axis of the structure. Five 1-mm slices parallel to this axis were identified, and landmarks were placed at the anterior, inferior, posterior, and superior midpoints of the structure in each slice. In the most medial slice, landmarks were placed at the anterior, inferior, and superior midpoints of the pes hippocampus.
The neuroanatomical template was produced by using an MR image from a separate healthy control, and the left and right hippocampi were outlined manually by the consensus of three experts (J.H., L.W., and M.G.) by using neuroanatomical boundaries previously described by our group and others (10, 15, 26) . Anatomical details of the template that were obviously anomalous were removed. The same landmarks were placed in the neuroanatomical template as had been placed in each of the target scans.
High Dimensional Brain Mapping. Transformation of the template onto the 30 target MR scans occurred in a two-step process (see Fig. 1 ). The template was first coarsely aligned to each target scan by the previously placed landmarks, and then the local anatomy was defined by a fluid transformation (20) . Vector displacements of the voxels in the template during the fluid transformations were constrained by assuming that the three-dimensional surfaces and other anatomical features of the template had the physical properties of a fluid. The continuum mechanics-based mathematical derivations that underlie these transformations are reported elsewhere (19, (20) (21) (22) (23) .
To determine hippocampal shape as well as volume characteristics, a triangulated graph of points was superimposed onto the surface of the hippocampus in the template and then carried along as the template was transformed onto the target scans. Computing the transformation vector fields from this graphical surface generated mathematically optimal representations of the hippocampus in the schizophrenia and control groups. Left and right hippocampal volumes in each target then were estimated by calculating the volumes enclosed by the transformed hippocampal surfaces. A pooled, within group, covariance matrix then was computed from the transformation vector fields to compare the shape characteristics of the hippocampus in the two subject groups. This covariance matrix was reduced in its dimensionality by computing the complete orthonormal set of eigenvectors that were specific to the shape of the hippocampus (24) . Total brain volumes were derived from elastic-based transformations (i.e., eight basis vectors and 2,187 coefficients), so that comparisons of hippocampal volumes could be examined before and after hippocampal volumes had been covaried for total brain volumes.
Data Analysis. A two-way, repeated measures ANOVA, with diagnostic group and hemisphere as factors, was used to compare hippocampal volumes in the schizophrenia and control subjects. The first 15 eigenvectors were chosen a priori as adequately representing hippocampal shapes, and a linear discriminant function was computed by using the vectors with the largest eigenvectors. Based on jack-knifed classification rates, a linear combination of the first six eigenvectors in sequence provided a statistically significant classification of the subjects. However, a more optimal solution was obtained based on a stepwise procedure and by using the first, third, fourth, sixth, tenth, and fifteenth eigenvectors. Log likelihood ratio values were calculated as a measure of hippocampal shape in each subject according to both solutions, and the statistical significance of group differences was tested by using Wilk's Lambda.
Displacements of the hippocampal surface that discriminated the two groups were visualized as maps of simple FIG. 1. High dimensional transformations proceeded in a two-step process. The template was produced by using a MR scan from a healthy control subject, and information about the boundaries of the hippocampus was placed within this template by experts by using manual outlining methods. Landmarks to indicate approximate brain and hippocampal boundaries were placed in the template and each of the target scans. The first step in the transformation was guided by these landmarks and roughly oriented the template to the target scans. The second step of the transformation, performed in blocks of tissue containing the left and right hippocampus, was driven by individual voxel gray scale values but was constrained by fluid physical properties.
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differences. In addition, maps were constructed of z-scores values at every point of the graphical surface of the left and right hippocampi. The z-scores were calculated as the square root of the quotient of the difference between the two group vectors in three dimensions and the inverse of the covariance matrix multiplied by the difference of the two group vectors. 30) , and a comparison of right hippocampal volumes covaried for total brain volumes (F ϭ 1.84, df ϭ 1, 28, P ϭ 0.19) did not result in statistically significant group differences. Furthermore, a comparison of the two subject groups with regard to the global scale and skew of the hippocampus in three dimensions as derived from the transformations gave a similarly weak result (Hotelling's t 2 ϭ 11.8, df ϭ 6, P ϭ 0.19). Left and right hippocampal volumes were significantly different in the combined group of subjects (F ϭ 38.52, df ϭ 1, 28, P ϭ 0.0001), the left hippocampal volume being Ϸ10% smaller than the right. There were no statistically significant interactions between diagnostic group and brain hemisphere.
RESULTS

Fig
A comparison of hippocampal shape characteristics in the schizophrenia and control subjects using the eigenvector values from reducing the dimensionality of the covariance matrix is shown in Fig. 3 . Log likelihood ratio values, calculated as the linear combination of five eigenvectors derived from a stepwise procedure (i.e., eigenvectors 1, 3, 4, 6, 10, and 15), strongly discriminated the two groups of subjects (F ϭ 4.726, df ϭ 1, 28, P ϭ 0.0028). Also, using this combination of eigenvectors, 12 of 15 subjects in both groups could be classified correctly in a jack-knife analysis in which each subject being assessed was removed in turn from the calculation before generating the statistical model. Use of the first six eigenvectors in sequence also showed a statistically significant, but somewhat smaller, difference between the two groups (F ϭ 2.68, df ϭ 1, 28, P ϭ 0.040). To further test the robustness of the shape comparison, a distribution free estimate of the level of significance was carried out to compare the two groups by using the first four eigenvectors (29) . This statistical test also indicated a statistically significant difference between the two groups (P ϭ .023).
Hippocampal surface deformations that formed the basis for the statistically significant shape difference between the schizophrenia subjects and the controls are shown in Fig. 4 . These deformations, shown as either simple surface displacements or z-scores, were similar on each side and involved specific subregions of the head and body of the hippocampus. As shown in Fig. 4 , the pattern of hippocampal shape variability in the control subjects was not related to the distribution of disease-related deformations. Rather, normative hippocampal shape variation was evenly distributed on the hippocampal surface and was of relatively small magnitude compared with the deformations associated with schizophrenia. Fig. 5 contrasts the pattern of shape deformations found in two individual subjects with schizophrenia with the pattern of shape deformation found in a single subject with mild dementia of the Alzheimer type. The pattern of hippocampal shape deformity in the schizophrenia subjects was distinct from both the pattern of normal variability and the pattern of deformity found in the subject with dementia of the Alzheimer type, so our data suggest that the hippocampal shape deformities observed in subjects with schizophrenia may be relatively specific to that disorder.
Log likelihood ratio values, calculated by using the combination of six eigenvectors derived from the stepwise procedure (i.e., 1, 3, 4, 6, 10, and 15) were not correlated with left and right hippocampal volumes in the combined group of schizophrenia or in the control subjects. In the schizophrenia subjects, log likelihood ratio values also were not correlated with indicators of the clinical state or chronicity, such as total Brief Psychiatry Rating Scale (BPRS) scores and duration of illness. There were also no statistically significant correlations be- . The values shown were derived from the optimal linear combination of eigenvectors (i.e., 1, 3, 4, 6, 10, and 15), determined by a stepwise process. When we used this method of comparison, 12 of 15 subjects in each group were classified correctly.
tween hippocampal volumes and age in the combined group of subjects or between hippocampal volumes and duration of illness in the schizophrenia subjects. However, the severity of psychopathology, as assessed by total BPRS scores, was correlated with total brain volume in the schizophrenia subjects (r ϭ 0.54, P ϭ 0.036). In the combined group of schizophrenia and control subjects, left (r ϭ 0.59, P ϭ 0.001) and right (r ϭ 0.59, P ϭ 0.0006) hippocampal volumes were similarly correlated with total brain volume.
DISCUSSION
The results of this study indicate that there are only minimal differences (4-5%) in the volumes of the left and right hippocampi between schizophrenia and control subjects, whether or not these volumes were corrected for total brain volume. These findings are highly consistent with the results of previous individual studies and with a recent metaanalysis (30) suggesting that interindividual variability in hippocampal volumes is greater than any differences attributable to schizophrenia. Our results also show that the left hippocampal volume is generally smaller than the right hippocampal volume. This result adds to evidence from postmortem studies of similar left-to-right differences in the hippocampus and other temporal lobe structures (31-33).
The major finding of this study is that the high dimensional assessment of hippocampal shape was far superior to the comparison of hippocampal volumes and indices of global hippocampal orientation in discriminating the schizophrenia and control subjects. We tested the robustness of our finding by using more than one approach to selecting the eigenvectors to be included in the discriminant analysis and by performing a jack-knife analysis in which the subjects being tested had not been included in the generation of the statistical model. The substantial value of examining neuroanatomical shapes should not be surprising because local details of neuroanatomical shape may contain critical information about neural architecture in the mammalian brain not captured by the total volume or gross orientation of the structure. In addition, the degree of hippocampal shape deformity, expressed in each subject by a log likelihood ratio value derived from the linear combination of five eigenvectors, was not correlated with duration of illness or symptom severity, which suggests that the observed shape deformities may have been more related to the fundamental neurobiology of the disease than to the clinical state at the time of scanning or factors related to chronicity, such as the degree of prior drug treatment. The observed correlation between duration of illness and total brain volumes in the schizophrenia subjects does suggest, however, that other structures in the brain may be altered in relationship to chronicity.
Van Essen recently put forth a general hypothesis suggesting that the physical properties of neural tissue combined with the patterns of neural connectivity determine the shape of specific brain structures, especially those that are anisotropic, such as The degree of displacement of these surfaces (in millimeters) perpendicular to the plane of the structure and relative to the control composite is indicated by a flame scale. The lateral aspect of the head of the hippocampus and the medial aspect of the body, where the subiculum is found, showed localized shape deformities in the schizophrenia subjects. (Middle) The pattern of shape variability in controls is shown [SD at each surface point calculated by using the optimal linear combination of six eigenfuncions (i.e., 1, 3, 4, 6, 10, 15) . More than 95% of surface points had a SD Ͻ0.75 mm. (Bottom) A map of z-score values is shown to examine the shape deformities in the schizophrenia subjects while accounting for general variability in hippocampal shape. In contrast to the normal pattern of shape variability, shape deformities found in the schizophrenia subjects were highly localized.
FIG. 5. (Top and Middle)
Hippocampal shape deformities in two individuals with schizophrenia with the largest log likelihood ratio values (see Fig. 3 ) are shown and can be compared with those found in an individual with mild dementia of the Alzheimer type and whose hippocampal volumes were similar to the schizophrenia subjects (Bottom, left hippocampal volume ϭ 2,581 mm 3 , right hippocampal volume ϭ 2448 mm 3 ). The displacement of these surfaces (in millimeters) perpendicular to the plane of the structure and relative to the control composite is indicated by a flame scale. Shape deformities in the dementia subject were distributed differently than those found in the two schizophrenia subjects and did not specifically involve the lateral aspect of the head of the hippocampus. (34) . Postmortem studies of the hippocampus and other medial temporal lobe structures suggest that schizophrenia may be associated with abnormalities in neural architecture and connectivity (4) (5) (6) (7) (8) (9) 35) . If such hypotheses are correct, abnormalities of neuroanatomical shape may be found in schizophrenia subjects even when there are minimal or no changes in volume. Thus, the analysis of brain structure shape may be a particularly sensitive indicator for the presence of schizophrenia, and other neuropsychiatric diseases, for which abnormalities of neurocircuitry have been hypothesized (1) . Fig. 4 shows that the superior and lateral aspects of the hippocampal head were deformed on both the left and right sides in the subjects with schizophrenia. This specific observation has important implications for hypotheses of abnormal neurocircuitry in schizophrenia. Hippocampal CA1 neurons that send projections to the medial prefrontal cortex are predominantly found in the head subregion of the hippocampus (36, 37) . Therefore, our discovery of a specific deformity in this area provides important support for the hypothesis that schizophrenia involves a disturbance of the connections between medial temporal and prefrontal cortical structures (1, (37) (38) (39) .
The methods used to make these assessments of hippocampal shape and volume are an extension of a large body of work on digital electronic brain atlases. These atlases have been useful for coregistration of complementary digital data sets, such as PET͞SPECT, CT, and MRI (40) (41) (42) . Some also can facilitate neuromorphometric analyses of complex human brain diseases (43) (44) (45) (46) (47) . However, the characterization of neuroanatomical shape aberrations, such as those likely to occur in schizophrenia, requires the quantification of local variability in brain structure and makes the high dimensionality of the transformations essential. Exploiting important geometric features, such as point landmarks and contours, may enhance lower dimensional transformations (48) (49) (50) . Our approach, while incorporating such enhancements, is fundamentally based on individual voxel data and so is more akin to the volume mapping of Bajcsy and colleagues (51) .
High dimensional brain mapping is a major step forward in neuromorphometry and ultimately may lead to new tools for the diagnosis of neuropsychiatric diseases, such as schizophrenia. Currently, we lack laboratory tests to use in concert with clinical and cognitive assessments to aid in the diagnosis of such diseases. Such tests may emerge from high dimensional assessments of neuroanatomical structures. The ability to ascertain diagnosis when symptoms are minimal and of brief duration would allow for earlier treatment and perhaps would prevent some of the disability now associated with many neuropsychiatric diseases. In addition, high dimensional brain mapping should allow us to develop and test more sophisticated hypotheses of the pathophysiology of neuropsychiatric diseases within a precise neuroanatomical framework.
